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THERMODYNAMICS  OF  THE  URANIUM-OXYGEN  3YSTIM 

The  vapor  above  uranium  oxide  condensed  phases  includes  U,  UO,  U02> 
and  UO^.  The  composition  of  the  vapor  is  strongly  dependent  upon  the 
O/O  ratio.  In  the  three  phase  system  U(jI)/U02(8)  and  vapor  (O/U  < 1.7)  the 
principal  vapor  phase  species  is  UO  with  smaller  amounts  of  U and  UO2 
vapors.  For  UO2  a congruent  evaporation  seems  to  predominate  giving 
mostly  UO2  with  about  equimolar  but  much  smaller  quantities  of  UQ  and  UO^. 
For  hyper&toichiometric  uranla  (O/U  > 2)  UO^  and  IX>2  are  the  principal 
vapor  phase  species. 

Oranium  (s) 


Ae  vapor  pressure  of  uranium  has  been  studied  over  a wide  temp- 
erature range  most  recently  by  Ackermann  and  Rauh  (2)  and  Pattoret, 
Drowart  and  Smoes  (2) . Ackermann  and  Rauh  have  shown  that  the  activity 
of  the  condensed  phase  varies  from  1.0  downward  as  the  electron-igativity 
of  the  dissolved  component  increases.  They  give  an  expression  for  the 
vapor  pres.';ure  of  uranium 


log  (atm)  = (5.71  ± 0.17)  - (25,230  ± 370)/T. 

This  yields  a 2^g  = 126.3  ±1.0  kcal/mole.  Pattoret  et  al  (4)  give 

log  Py  (arm)  = (5.920  ± 0.135)  - (26,210  ± 270)/T  and 

AH*  298  * 129.0  ± 2.0  kcal/mole. 

These  authors  also  sunsnarize  all  the  previous  work  on  these  systems 
by  their  laboratories  and  others.  It  is  perhaps  most  significant  that 
the  vapor  pressures  that  one  will  observe  in  these  systems  are  a strong 
function  of  the  container  material  or  the  dissolved  components. 
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00,(s)/0(£) 


The  partial  pressures  of  che  species  are  determined  by  mass  spectro- 
scopic measurements,  while  the  total  pressures  haire  been  measured  by 
both  effusion  and  transpiration  techniques.  The  total  oiass  spectroscopic 
instrument  sensitivity  to  a particular  gas  phase  species  has  to  be  known 
in  order  to  compute  the  partial  pressures 

Pi  = - I+T/k, 

where  and  are  the  cross-section  for  ionization  by  electrons  a, 
given  energy  and  the  detector  sensitivity  to  the  species  of  interest. 

Various  assumptions  have  been  made  concerning  these  quantities. 

Ackermann  et  al  (3)  in  their  work  on  tbe  U(jt) /UC2(5)  system  used  equal 
sensitivities  for  U(v),  UO(v)  and  U02(v).  A recent  work  by  Blackburn 
and  Danielson  (4)  has  advocated  values  of  0.66,  1.2S,  and  0.31  for  the 
product  of  multipiifir  yield  and  partial  relative  ionization  cross-section 
for  U,  UO  and  IK>2  using  a 10  eV  ionizing  electron  beam.  (For  t\  is  energy 
beam  these  partial  relative  ionization  cross-sections  are  equal  to  the 
total  relative  ionization  cross-sections). 

The  pressure  of  uranium  species  above  of  U(i),002(s)  is  given  by 

log  P = (7.25  ± 0.15)  - (27.020  t 250) /T  (for  1580-2400'*K) 
e 

by  Ackermann  et  al  (1).  Pattoret  et  al  (3)  report  a pressure  of  UO 

given  by  log  P = 8.19  - 28,020/T  in  the  temperature  Interval  of  1700  - 2150*K. 

There  is  considerable  evidence  that  the  system  U02(s)/U(l)  is  far 
from  ideal.  Therefore  the  activities  of  the  condensed  phases  cannot  be 
assumed  to  be  unity,  for  the  process 

"(J)  * «»2(,)  ■ 'S>. 


It 


Consequently  the  fseasureiaent  of  theinal  ftmctions  for  thia  system  has 
to  be  done  using  gas  phase  equilibria  where  activity  coefficients  can 
be  assumed  to  be  unity.  Acketmann  et  ai  (3)  measured  the  gas  phase 
equilibria 


”(*)  “2(g)  - ^“(g) 

and  from  the  known  frcv-  energy  functions  of  U02(s?  (this  will  be  discussed 

later)  and  U-  v and  the  measured  equilibrium  constant  as  a function  of 
(g) 

temperature . 

K = p2  /P  P,  , 

UO'  U UO2 

where,  log  K = (1.268  ± 0.05)  + (2091  ± 117)/T 
They  computed  (U0,g) 

(00, g)  = 1/2  (U02,g)  + 1/2  (U,g)  • 1/2  R’T  log  K 

*=  -7,800  - 13.84T. 


It  should  be,  of  course,  noted  that  this  measurement  of  K required  a 
knowledge  of  the  kj^'s.  Ackermann  et  al  (3)  assumed  that  kj  of  the  various 
species  were  equal  to  each  other.  Incorporation  of  Blackburn  and 
Danielson's  data  (4)  for  partial  relative  ionization  cross-sections  would 
change  the  measured  equilibrium  constant  by  almost  a factor  of  1/8.  This 
would  have  the  effect  of  decreasing  the  oE  U0(g)  from  13.84  e.u.  to 
about  11.78  e.u.  without  affecting  the  iH®  ten?.  Other  potential  sources 
of  error  are  the  /C®  UO^Cg)  and  1£®  U(g) . As  will  be  seen  later  in  this 
report  an  uncertainty  in  the  entropy  of  formation,  OO2  (g)  is 

unlikely.  This  error  would  contribute  an  uricertainty  of  I.5  e.u.  to 
the  ('Sj  U0(g)  . 
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Hie  0*  coaputed  froa  the  of  DO  determined  by  Ackeraaim  et  al 
(3)  1* 

0*  - «®,(U,g)  + 1/2  D*0j  - 

- 115.43  + 59.0  ♦ 7.8  » 182.2  ± 3 kcal/aole. 

(It  should  of  course  be  noted  that  a correction  for  and  to  0 K 

has  not  been  made,  however  these  corrections  shojld  go  in  the  saice 
direction  and  ceni  to  cancel  each  ether).  Pattovet  et  al  (5)  determined 
a D*  f"r  U0(g)  from  the  isomolecular  exchange  reaction 

llC(g)  + Si(g)  = U(g)  + SiC(g)  m ti.cn  D“(U0,g)  = ^ + D"  SiO  = 
--8.6  + 190.4  = 181.8  ± 2,2  kcal/mole 


which  is  in  excellent  agreement.  Unfortunately  no  relative  ionization 
cross-sections  were  quoted  In  this  work.  Although  io  a later  work  (2) 
the  authors  give  k^*s  of  1.15,  0.80,  and  0.55  for  U,  UO  and  UO2 
respectively.  These  numbers  would  give  an  cvijail  correction  of  0.99 
to  the  equilibrium  constants  given  by  Ackeemann  et  al  (3). 


A computation  of  ASj  of  UO  from  spectroscopic  data  requires  a 
knowledge  of  the  electronic  levels  of  UO.  No  spectroscopic  assignment 
for  the  electronic  energy,  levels  of  UO  is  available  in  the  literature. 

The  infrared  spectrum  of  matrix  isolated  UO  has  been  observed  by  several 
workers.  Using  this  vibrational  frequency  and  the  estimated  bond  distance 

O 

of  about  1.75A  one  can  compute  the  for  UO  without  electronic  con- 

tribution of  73.4  e.u.  From  this  value  and  those  of  liquid  uranium  and 
molecular  oxygen  an  entropy  of  formation  of  UO  (defined  by  the  equation 
U(f)  + 1/20,  = U0(g)  (2000k))  of  8.9  e.u.  mole  ^ is  computed.  This  value 

A. 

is  considerably  less  than  the  13.84  e.u.  quoted  by  Ackermann  (or  for  that 
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Mutter  the  11. 7B  obteined  bjr  using  Blackburn  and  Danielaoci's  kj^'s). 
Unfortunately  there  exists  no  easy  way  to  reaiedy  this  situation  without 
the  necessary  spectroscopic  data.  The  of  13.84  can  be  rationalized 
to  the  observed  data  of  8.1  e.u.  if  one  has  a ground  state  with  a 
degeneracy  of  about  13.  (The  « 11.78  gives  a ground  state  degeneracy 
of  about  5) . 


The  parciul  pressures  of  the  U,  UO,  UO2  species  above  the  three 
phase  system  U(f)/UO,  . . have  been  given  by  Ackertsann  et  al  (3)  as 

log  Pp  *=  (5.21  ± 0.14)  - (25,640  ± 300)/T 

log  Pjjjj  « (7.11  ± 0.14)  - (26,880  ± 300)/T 

log  P = (7.74  ± 0,14)  - (30,180  ± 3G0)/T. 

UO2 

These  equations  were  derived  from  their  measurements  in  the  temperature 
range  of  1820  - 2490  K asstuning  equal  for  the  three  species. 

Pattoret  et  al  (5)  have  also  observed  that  the 

Uv  U 

aboat  10/1/1  for  this  system.  Pressure  ratios  of  about  10/1/1  are 
obtained  from  Ackermann  et  al  whereas  ratios  of  about  12.5/0.87/1.82 
and  about  7.75/1.52/3.23  are  obtained  using  the  given  by  Pattoret 

et  al  (5)  and  Blackburn  and  Danielson  (4)  respectively.  The  partial 
pressures  computed  using  the  three  sets  of  are  given  in  the 

following  table.  (The  data  for  of  Ackemann  (3)  at  2000  K are 
used  in  order  to  facilitate  a direct  coii5>arison. ) 
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Pj^jCatx) 

**002<at») 

P /P  /P 
0 00  UOj 

ARC(3) 

2.45  X 10“® 

4.68  X lO"^ 

4.47  X lO"® 

1/18.9/1.82 

PDS(5) 

2.13  X 10"® 

5.79  X 10"^ 

A 

8.13  X 10‘® 

1/27.2/3.82 

BD  (4) 

3.72  X 10“® 

3.59  X lO"^ 

1.44  X 10"’' 

1/9.65/3.87 

It  should  be  noted  that  the  partial  pressure  ratios  are  significantly 
different  from  the  three  seta  of  tr^y^  used. 

The  measurements  of  Pattoret  et  al  (5)  give  a pressure  of  UO  about 

2.^  times  greater  than  those  of  Ackemann  et  al  (3).  The  'J®®® 

by  the  three  workers  are  given  below  together  with  the  K con5>uted. 

F 


relrtive 

0 

DO 

SI 

PDS  (5) 

1.15 

0.80 

0.55 

0.988 

ARC  (3) 

1 

1 

1 

1 

BD  (4) 

0.66 

1.29 

0.31 

0.123 

for 


I*  JW  2 


K (t)  = I { 

At  2000K  the  pressures  given  by  Ackermann  et  al  (3)  and  Pattoret  et  al  (5) 


ARC(3)P, 


A. 68  X 10 
4.A7  X 10' 
2.45  X 10' 


P = 5.495  X 10 
e 


PDS{5)P, 


1.12  X 10 
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Stoldiloiaatrlc  0D« 

The  vapor  pressure  above  stoichioaetric  DO2  has  been  measured  by 
several  workers  (6-10)  usli^  both  nass  transpiration  and  effusion 
techniques.  The  congruently  evaporating  cooposltions  of  uranla  have 
also  been  systematically  measured  as  a function  of  temperature  by 
analysis  of  the  residues  after  appreciable  Knudsen  effusion  loss.  These 
residu  s become  increasingly  h>postoichiometric  with  temperature  varying 
from  ID2  QQQ  to  UOj^  in  the  1940  - 2386  K temperature  Interval  (9)  . 

It  has  also  been  suggested  that  a significant  partial  pressure  of  UO 
and  DOj  is  present  even  at  lower  temperatures,  UO^  becoming  predominant 
to  the  UO  as  the  temperature  increases  (9). 


The  results  of  some  of  the  mere  recent  experiments  are  given 
below.  The  vapor  pressure  of  the  uraniuu?  bearing  species  is  represented 


by  the  equation 

Z!G  ■ -RT  In  P 


-TAS 


137,1 


141.2 

143.1 

134.1 


or  log  r(atm)  = -AH  + ^ 
R'T  R* 

£!S  method 

36.4  mass  effusion 


147.1  42.2 

147.8  42.0 


39.4  mass  spect. 
39.4  transpiration 


temp . range 
1600-2200 
1920-2220 
2200-2800 
1890-2420 
2085-2705 
2000-2940 


AGT(6)  2.17 
Ivanov(lO)  4.08 
0hse(8)  3.14 
PDS  ’67(5)  3.84 
TH  (7)  2.49 
Alexander  1.66 

(ID 


*^2200K 
2.17  X 10' 


■■"  ' ■?  ^!99*C<f9 JIJV  l U '. 


This  value  Is  in  good  agreement  with  353.2  (14.9eV)  given  by  Ackermann 
Gilles  and  Thom  (6).  Th*ise  workers  used  the  U02(g)  equilibria  coupled 
with  the  data  for  UO^Cc)  given  by  Kelley  (Bur.  Mines  Bull.  476,  1909) 
and  estimated  thenncdynamic  data  for  the  vapor.  Fattoret  et  al  (5) 
obtained  a value  of  352.5  kcal/mole  from  the  002(3)  = 002(g)  using 


i 

» 

1 

i 


^f  298  ^2^*^  =-259.5  kcal/mole 

no  * 125  kcal/mole 
s £yiS  l 

then 

002(8)  = UOjCs)  =*  J^52.5 

D-l«>2g)  = 4.  + d;  0^ 

» (259.5  - 152.5)  + 129.0  + 117  = 353  kcal/mole 
W)2(g)  = 0(g)  + 20(g)  D’  U02- 

Therefore  since  both  gas  phase  equilibria  coupled  with  assumed 

previously  determined  dissociation  energies  agree  well  with  for  UO...  v 

^ V®/ 

= ^2(g)  with  STid  0*02  determination  of  D*(U02) 

one  can  have  a degree  of  confidence  of  the  thermal  functions  for  IK>2 
determined  by  the  congruent  vaporization  of  stoichiometric  urania. 
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It  has  been  noted  by  Tetenbaum  and  Hunt  (7)  that  tre  pressures 
derived  from  effusion  measurements  on  stoichiometric  urania  by  Ackermann 
et  al  (6)  and  Ohse  (8)  are  higher  at  temperatures  above  1'350C  than  those 
obtainable  using  che  transpiration  methods . The  original  proposal  by 
Ackermann  et  al  of  a UO2  dimer  is  not  consistent  v.lth  the  pressure 
measurements  of  Tetenbaum  and  Hunt.  Mass  spectroscopic  measurements 
have  not  been  successfu’.  in  finding  a UO2  dimer.  Rather  the  positive 
curvature  in  the  vapor  pressure  with  tempf.raturs  above  2350  C is  probably 
caused  by  a departure  from  molecular  flow  1n  the  Knudsen  ce.l.  Edwar.s 
et  al  (9)  have  suggested  increased  pressures  of  UO^  in  order  t-  reach 
the  proper  UO2  ^ for  the  higher  temperatures.  This  explanation  has  also 
been  rejected  by  Tetenbaum  and  Hunt  sinfi  fn  P vs  1/T  is  a straight 
line  over  the  range  of  2080-2705  K for  various  UO2  ^ specimens. 

The  free  energy  of  formation,  U02(g)  can  in  principle  be  derived 
from  the  vapor  pressure  measurements  above  stoichiometric  UO2  assuming 
the  principal  re  ction  is 


m^is)  -*  U02(g)  ££gU02(s)  = -R’T  log  P. 

This  quantity  coupled  with  .Xj  U02(s)  th'dn  yields  U02(g)  = 

U02(-)  + UOjCs). 

If  oue  inspects  table  3 which  gives  the  .X"  U0~(s)  = . - TXt  . 

one  finds  the  AS  terns  from  42.4  to  34.5  cal/mole  K.  with  .”0 

rverage  deviation  of  ahoat  2 .4  cal/mole  K.  The  uncertainty  in  the 
entropy  of  this  proce;  s will  be  reflected  in  the  computation  of  AS^ 
002(g)-  Uiing  Aci'erm-i ,'n  et  al  (6)  vapor  piessure  data  ore  obtains 
ASj  = -4.24  e.u,  the  data  of  Pattoret  et  al  (5)  gives  A5.“  = -1.2^' 


t 
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as  does  the  d?tii  of  Tetenbaum  and  Hunt  (7).  Perhaps  this  latter  value 
Is  expected  to  be  more  reliable  since  the  method  of  mass  transpiration 
over  a long  temperature  range  Is  in  agreement  with  mass  spectroscopic 
observations  over  a smaller  and  to  an  extent  overlapping  temperature 
range . 

Using  the  vibrational  assignment  for  UO2  given  by  Gabelnik  et  at 
(12)  and  Abramowltz  et  al  (13)  namely  = 765.9,  = 776.1  and 

V2  = 81  cm  ^ for  a linear  UO2  molecule  with  a r U-0  = 1.75  A a 
= 92.3  cal  mole  ^ ts  coraputed . Small  variations  of  r will  not 
significantly  effect  the  computed  functions.  Couplinjj  this  with  S'qqq 

U(f)  = r2.53  and  S'qqq  0^  = 64.18  one  obtains  a AS^  U02(g)  = -4.41  cal 

• ^ 

mole  K in  excellent  agreement  with  AS^  = -4,24  given  by  Ackermann 
et  el  (6)  and  in  good  agreement  with  AS^  = -1.24  given  by  Tetenbaum  and 
Hunt  (7)  and  Pattoret  et  al  (5).  It  should  of  course  be  noted  that 
tor  ."he  purposes  of  t':i3  computation  of  of  UO2  a singlet  ground 

state  was  assumed  and  any  contribution  to  the  entropy  from  low  lying 
elect-jnic  states  hns  been  neglect c-d.  (There  have  not  been  any 
electronic  spectra  of  LiO,,(g)  or  matrix  isolated  UO2  observed  and 
analyzed) . 


The  I.nLzation  potential  of  U,  IK)  and  UO2  have  been  measured  using 
the  RPD  (retarding  potential  difference)  method  by  Mann  (14).  He  has 
giv,in  values  of  6.1,  5.7,  and  5.5  eV  for  the  ionization  potentials  of 
U,  ITO,  UOj  respectively.  These,  values  which  are  probably  good  to  about 
0.1  eV  have  beer  accepted  by  other  workers  in  the  field.  These  ionization 
potentials  coupled  with  the  UO  and  AH^  UO2  then  can  be  used  to 
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estimate  exothermicities  of  reactions  such  as: 


Reaction 

U(s) 

+ ©2  U02(g) 

-5.27 

U(s) 

+ |02-^U0(g) 

-0.3^ 

U(s)- 

u(g) 

+5.00 

U(g) 

+ UOp(g) 

-10.27 

U(g) 

+ O2  UO2  6 

-U.77 

U(g) 

-5.3i+ 

U(g) 

+ O-^UO(g) 

-7.90 

U(g) 

+ 0 UO^(g)  + e 

-2.20 

U(g) 

+ UO  + e 

+0 . 3'.' 

U(g) 

+ 0-:,-»U02  + 0 

- .71 

U(g) 

+ 0^“^  UO2  + 0 + e 

1.21 

U(g) 

+ 0 UO  + 0 

3 2 

-U.3I 

U(g) 

- uo"^  + Og 

+1 . 3' 

U(g) 

+ N^O-^UO  + 

-4 .1*9 

U(g) 

+ NgO  -♦  UO  + N2  + e 

+1 .21 

The  thermodynamic  functions  for  I’O  and  U02(g)  are  given  in  Tables 
1 and  2.  These  computations  are  done  assuming  singlet  ground  states 
for  both  species  and  no  allowance  is  made  for  any  possible  contribution 
to  these  functions  from  any  excited  electronic  states.  This  was  done 
in  this  manner  since  there  are  no  experimental  determinations  for  the 
electronically  excited  levels  of  UO  and  1^2* 
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TABLE  1 


THERMODYNAMIC  FUNCTIONS  FOR  UO(g) 


1 T7  f P «s,03<7#;r-7 

T 

rp 

W— Hi* 

-(O-HO/'f 

K 

ptU/‘<  you 

rrt/POL 

rPL  ak  y-TL 

rAu/-'  K^L 

7. ^77PP 

Pt  19.  57 

57. ?7!  7 

50. 1 fOA 

7 • *i  1 

P\ 3!7  , ®9 

57.3|PA 

50*3066 

7*9^^PF 

99  IP.  ^7 

50,5559 

5^.3753 

P.^r?5AF 

37?3.?>5 

ft .3A4A 

53.91F1 

Acr 

A * 41  A‘-^7 

455A.  AP 

AO.ee.  79 

55.3F91 

7cr 

p.  «i4rn4 

540...  A9 

A*.i9rs 

56.4695 

P.  A**?®  A 

A5.77A9 

57.507P 

9rr 

P.  A91 ^1 

7!'»9. 47 

AA.757 

5F.47P4 

irr:' 

F . 7 79  1 

Kpri  • 1 1 

A7.P753 

59-374'’ 

1 irr 

F.77SS9 

PF7A.9? 

AF  - 1 1 

60.0  401 

1 per 

p.pr.^o 

9755.97 

fp.c  749 

60. 7449 

1 r^cr 

P.S^7^7 

ir637.A 

A9.5F0S 

61 .79  7F 

1 Jtcr 

P.F45A9 

115^1. P 

70.3754 

63.0059 

1 «;rr 

F .FAlfF 

1^4^ A. A 

70.P4A3 

63.5753 

1 <rr. 

F.P74 

71.41T5 

67.  M03 

f 7t*'^ 

P 7 

I41FI.3 

71  .95AP 

63. 61 40 

1 PC*' 

P.P9 4^1 

1®'^7P.? 

70.4A5 

64.0936 

1 9C'^ 

r , 9r<»  A9 

1 AO/p«^ 

4A  1 

A 4. 54A 

pprr 

F *or9F:> 

1 xc  5P.P 

73. 40 ''9 

64.977*: 

?MPf 

P**»l  A'>'> 

1774^.1 

65.3F9I 

o^rr 

P*9P19n 

IP  At^4. 

74.^>5f>-i 

65. 7P37 

«r.907p7 

105*^4.5 

74*  A494 

66.1596 

p^r 

79 

00419.4 

75.PP94 

6 6.  3 

9*’rr 

r^ll^O.e 

7®. 39  41 

66.F69 

p^r'* 

F.9709  9 

o»^or  A,  / 

75.7447 

67.3077 

Pirr 

C • 9 /79P 

Oll'T.P 

7A.0FO1 

67.5363 

9f*CC 

r . 9 4<9  7 

'anOP  5. 1 

7^  . /f*  74 

A7«P377 

p . 9 9r  1 7 

fi  ,/po*^  , 0 

7F.791  5 

6F. I 3P  6 

-sprr 

P,99ni 

05795.3 

77.rr*4p 

6P. 439F 

*»irr 

P. 99591 

OA  f cp,7 

77.31F5 

*p.7no 

r^por 

9 • 9 5F  5 7 

0757A.S 

77.  A0O9 

6p .9®  53 

nrf 

F.9^n 

?F47'».5 

77.P7FF 

69.3506 

PACC 

F.9 A?59 

909 fC 

7P.1 4AO 

49 , ere  7 

-isor 

? • 9 A 5P  4 

3f 0A5*0 

75 . 40  f 

69.75PP 

P*9ffiP A 

31! Af.9 

79  . A SF  A 

70 .0035 

r»7cr 

■7.97POI 

3or sc.F 

7P.9044 

70.P3'^F 

r.97^cF 

70955.9 

70-1 43A 

70.471 

. 9 7 

.73*^53.3 

70.3747 

70.69  67 

9.97  A? 7 

3475P.F 

79.  A 0 79 

70.91 

r." 

P.9791 

7«;a  4P  .5 

79.FP5A 

71 . 1 '>0® 

P.97907 

3APX  A ♦ 

rr.0419 

71  -3. "4 

F.9F1 77 

77444.5 

FP .3533 

71 .5^*^'^ 

7P740.P 

yr . 4^97 

71-7455 

'■rr 

p ^ 9-7  59/: 

-9^41  .0 

pp.f A1 A 

7!  .941  4 

-5Arr 

C.9F  A95 

401 39. r 

?r.F591 

73. I 331 

^7cr 

F.  9^*^  A 1 

41C3F.A 

PI .0534 

73.33*0 

^rr 

P , 09f 

4197  /.5 

PI  .341  7 

73.5047 

49CP 

P.99IPA 

4053A,  7 

PI. 4071 

7.  .63  49 

srrr 

R-993A^ 

47775.9 

9! .6097 

73,R61 5 

5irr 

P.99® 

44A75.3 

=^1 .7PAP 

73.O34F 

•ipCf' 

®,99A 

45534. p 

PI  .0  A1  5 

7 3 . '’0  40 

sirr 

p , 99pf- 

4t  X74.  A 

p 3 • I 3'’9 

73.371  * 

C .990  S7 

477*»A,  5 

PP.^r'll 

73.5754 

SSPP 

9.mr'. 

4PT»74.f 

F3. 45A'5 

73.60A7 

491  7 4.7 

P3.A3F4 

73.F543 

S7rr 

9.m9c 

'=irr75.i 

F3.7F77 

74.0097 

srrp 

Q.rp5>*4 

5P975.5 

P3.0  447 

74.  1 637 

-OCP 

9.rr  AC7 

51P7A.0 

F3.09F7 

74.31 35 

^rrp 

o.prcop 

5'’77A.9 

P7.3407 

74. 4603 

yr*LFr»t-^^  ' '"i  r 

wyr  ^P4.'*7 

TrM^  LI*’' 

TFP  cr. 

r»r^»'*’  i_TiFL»  Pi  7^ 

lU 


K 

i 

I 

i 


^ • 


I 

» 


I 


f 


i 

\ 

I 

r 
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TABLE  2 . THERMODYNAMIC  FUNCTIONS  FOR  U02(g) 


T 

f F*wm  /T 

CH-Hr>/T 

tP 

-ss.ri'>F 

]P. SVPA 

^s.sr?? 

IP.? 79 ft 

1 

-S?i.r7« 

IP*S«?iP 

: ftS90 

IP.p9ft7 

i 

II .1133 

ft9.3irp 

1 3.P740 

! *ipr 

• 7PA A 

ll.S/i'F 

70.PP  7P 

I3.5«P? 

1 

- AP.Ff 79 

1 1 .9<>9;» 

74.  T^T** 

13-9P9P 

i 7(*r 

- AA.  >:»pr< 

7ft. OfP? 

1 1 SF  1 

*^rr 

- Af 

!?*  ^37 

7ft  .F  <tA3 

14.3171 

i ®rr 

- 

1^. A9A| 

PC  , 5«17S 

1 4.  431 

1 irrr 

- A9.oir^ 

|f».F  70^> 

p'^.r^  pft 

t 4.51 5F 

- 7P • aaaA 

1 3.roiS7 

F3. 4ft93 

1 4.5709 

1 

- 7|  . SF'IT 

I3.IS/A 

F A.7AC  1 

1 4. ft?95 

|-irp 

- 70,  A ^I  ^ 

13. '>71? 

r5*9i?? 

1 A.ftftFft 

1 

- 77,  A'»«  7 

1?.37'53 

F7.rrr9 

t 4.  7 

; 1 '■rr 

- 7/.  Av 

13.  .i/|  7 

p?  -n  ft 

1 A. 7P5ft 

■'  l^'T 

- 7'i.  /r*«r 

13.SA13 

f F.9ft7|* 

1 4.74ft7 

1 7cr 

- 

13.^1?= 

F9.FF1 7 

1 A.  7ft4/' 

iFcr- 

-77.r‘?<f 

1 3*  A77^ 

9C.7rft 

1 4.770 

1 FTP 

‘ 77-  7 ^09 

1 3. 73A*; 

91  .*ir5A 

1 A. 791  ft 

pcrr 

- 

I ? . 7*=  A 

90. 

1 A.Fp^A 

?irr 

-79,  J Z9  7 

1 3-F37I 

9P.9F 

1 4. PI  1 7 

! oor-  f» 

- 79. 79A«i 

1 3.F 6 

93. ft7ft 

1 4.FI97 

; ?3rr 

-FC. ?5 

I3-9PF5 

94.335 

1 4-F?ftF 

i 

-PI  -rps=T 

t 3.9^r3 

94.9ftft| 

1 4.F33 

i 

-FI  . 57-<z 

I 3.99S3 

9S.571P 

1 A.F3P5 

?>rrr 

• PO*  1 <»A 

1 A, *“'>79 

Oft. S S3P 

1 A.F/.^A 

?7,T 

•CO. AAA9 

1 A.nApp 

0 ft.  71  A1 

) 4.FA75 

-C7.  t A77 

1 A- pc  A A 

97.354? 

1 4.P51 7 

■'  OQf*P 

-F7*  A^9S 

1 A.  n P? 

9 7.  7754 

1 A.ro^p 

! r'i'pp 

•F  A«  t ill  .A 

1 4.  1 377 

OF.P791 

! 4.95®? 

*?KP 

A.  AT 

! A.1  A| 

OF . 7/ft3 

I A.Fft  1 0 

-rF.r^c;-* 

1 4.  1=*»9 

99. P?F? 

1 4.pft?r 

-PS.  A99 

1 A.Pr?A 

OP.  fo 

1 4.Fftft? 

ri^rr 

-.'S.91 

1 A-Op3| 

irr-139 

t A.Fr^'i 

3^rr 

•PA, oocQ 

1 A.OAI5 

|P?*  57 

1 4.P7''? 

! r’^rr 

-r  73P9 

1 A.P59 

irr.999 

1 4.F791 

T7pr 

- «■  7 . 1 9 1 1 

1 A.P75A 

in  .307 

1 A.F70C 

-P7. 

1 A,?9| A 

1^1  704 

1 A.F754 

i«jor 

: 

-07.F77A 

1 A.  3p  AA 

:c?. IF 

1 A.Flft'^ 

^prr 

• r-r  . O^A 

1 A.30P7 

ir9.5S7 

1 4.F7FI 

I .^irr* 

i _ 

-cp, 

1 A*  33  A3 

ir^.opA 

1 4.F79  4 

t A.  3a7.3 

1?3.PP3 

1 A.FFf'«Y 

-P9.'*7:M 

1 A.  359  7 

|33.ft33 

1 A.CCl  A 

^ iATP 

-F9. AC33 

1 A.37IA 

1T3.97S 

1 4,FF3f 

-cq.oOAA 

1 4.3cp9 

:c A,?r9 

i 4.®F35 

-9f*.  ^>/97 

1 A.39  3F 

IP  A,  ft3ft 

1 4.FFA4 

^7rr 

-9r.  A*;*^-* 

f A*  zr  A3 

!PA. 9S7 

1 4.FF50 

-9r,6SA7 

1 A-  A|  A? 

1P5.P7 

1 A.FF59 

^9rr 

-91 . 1 "=? 

1 A.  AP39 

1P5>577 

I 4,FFft7 

srrr 

• 9!  . A//«s 

1 A-  4339 

1P5.P7P 

1 A.FF73 

^icr 

-91  • 7'’C  ^ 

t A.  4AP1 

1Pft.|73 

1 4.PFF 

sppr 

-9?.r|C9 

1 A.  A5C7 

Ipft.  4ftr> 

1 4.P'‘F  ft 

s.n.:'r 

-9P«  pr / T 

t A. aS^P 

iPft. 7a5 

1 A.rpo  j 

*^4£pr 

-9^». 

1 A- AAA9 

IP7.rrtA 

1 4.FF';  7 

59f»r 

-oo.coro 

I A.  A7  A^ 

I'' 7. 39  7 

1 A.OOpo 

1 A-  AC-?> 

IP  7. 5ft 5 

J 4. rop  7 

57ro 

1 A.  z«9^ 

1 r 7.F?o 

1 4.F01  1 

■r'^rn 

-9-1.  CP)  ^ 

1 A-  AO  A| 

1 4.FO 1 ft 

■>9rr 

-93*  P 1^7 

1 A.  «^rpF 

irF.:  p 

1 A. POO 

*rrc? 

-9A.r^3i 

J A.srs  ? 

IPF-  SVI’ 

1 4.F9PA 

F rr.r 

^:l'LT 

M^T 

1 

77ft.  1 

k 

PI 

A 

r 

r 
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SECTION  2 


THEBMODYNAMICS  OF  THE  THORIUM -OXYG  2N  SYST04 


"rtie  tbori'im-oxygen  system  has  been  studied  by  mass  spectroscopic 
technliues  by  several  workers  (1-5).  A sunoiary  and  review  of  seme  of 
the  older  works  not  referenced  in  this  report  are  also  available  (6). 

The  method  used  in  studying  these  systems  Is  to  measure  the  vapor 
pressure  of  the  thorium  species  effusing  from  a Knudsen  cell  by  weight 
gain  of  a circular  disc  target.  The  pressures  are  measured  over  Th02(s) 
nnd  the  3 phase  system  Th(i) /Th02<s) /vapor,  or  in  the  lower  temperature 
regimes  Th(s)/Th02(s)/vapor . Partial  pressures  of  the  species  are 
determined  mass  spectrometrically . This  re<iuires  assumptions  of  cross 
sections  and  detector  sensitivities  for  the  various  species. 


In  the  case  of  vaporization  from  Th02(s)  two  processes  are  important 

(1)  Th02<s)  ^ Th02(g) 

(2)  Th02(s)  ThO(g)  + 0(g). 


The  assumptions  are  made  that  the  mass  spectrometric  peak  intensities  of 
the  ThO^(g)  and  Th02^(g)  ions  can  be  related  to  pressures  and  vaporization 
of  reaction  (2)  is  congruent.  Thermodynamic  functions  of  ThO(g)  and 
Th02(g)  can  be  obtained  from  a knowledge  of  ^j(T)  of  Th02(s)  . (This 


assumes  that  a 


Th02(s) 


!)• 


For  a study  of  either  the  three  phase  system  Th02(s) /Th (i)  or  the 
Th02(s)/Th(s)  for  which  the  principal  vaporization  can  be  represented  by 

iTTh02(s)  + ^.(s)  -♦  ThO(g) 

^Th02(s)  + iTh(£)  TbO(g) 


one  must  know  the  activity  of  ThO,{s)  and  Th(s,f).  It  has  been  shown 


that  prolonged  vaporization  of  ThO  from  this  system  at  temperature 
below  2400K  does  not  appreciably  alter  the  stoichiometry  of  the  Th02(^) 
phase  (7).  This  then  allows  one  to  assume  unit  activity  for  both  Th 
(s,f)  aiuf  ThO^Cs).  Therefore  combining  the  pressures  of  ThO  obtained 
and  the  thermal  properties  of  Th02(s)  and  'ni(s,f),  allows  a determination 
of  of  Tho(g)n  Ackermann  and  Rauh  (3)  give  Z!!GjThO(g)  = -16,  bOO-12 . 15T 
kcal  mol  ^ [2400-2800  K]>  Rlldenbrand  and  Murad  (5)  give  an  expression 
for  logjQ  ^ Q “ (8.386  ± 0.164)  -(30,480  ± 306)/T  which  is  in  experimental 
agreement  with  the  pressures  given  by  Ackermann  and  Rajh.  These  values 
are  also  in  excellent  agreement  with  the  pressure  of  ThO(g)  given  in 
reference  1 for  2369K.  (The  pressure  over  Th02(g)/Th(£)  v. s only  given 
at  this  temperature  for  this  system  by  these  workers.) 


This  Indicates  a of  ThO(g)  of  12.15  entropy  units.  This  value 
Is  in  agreement  with  the  entropy  computed  for  ThO(g)  using  the  known 
spectroscopic  states  and  the  measured  entropy  for  Th(£) , 


Estimates  of  the  electronic  contributions  to  of  ThO  have  been 

200 OK 

made  in  the  past  by  equating  this  entropy  with  that  of  S^qqqj^  of  Th(IlI)  . 
nils  method  gives  an  absolute  entropy  of  80.5  cal/mole  *K  compared  with 
an  S^Q^Qj^  of  73.9  cal/mole  K using  molecular  constants  of  the  known 
electronic  states  of  ThO(g)  . The  latt“»  value  in  good  agreement  with 


second  law  treatment  of  the  vaporization  data  for  the  Th02(s) /Th(s, £) 
system. 
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The  dissociation  energy  of  ThO  any  be  obtained  via  several  cycles. 
Ackermann  and  Rauh  (3)  considered  the  Isomoleculsr  exchange 
70(g)  + Th(g>  -*  ThO(g)  + Y(g) 

and  from  the  known  thermodynamic  C >nctions  of  YOyg),  Th(g)  and  Y(g)  were 
able  to  obtain  of  ThO.  They  also  obtained  ThOfg)  and  of  ThO 
obtained  from  the  study  of  the  reaction 

^Th(s,i)  + ^ThOj  (a)  ■*  ThO(ii),  i5Hs  Th(s)  and  ^0*  of  0,  -/la  the  cycle 
Th(s)  + ThO  iCfl* 

ThO  -*  Th(g)  + r (g)  D*. 

The  for  TlO(g)  obtained  by  the  second  and  third  law  methods 
are  in  rather  good  agreement.  The  thermal  functions  fur  ThO(g)  were 
generated  using  the  known  spectroscopic  dat*  for  ThO . The  values  for 
Th(s,l)  were  taken  from  Rand's  evaluation  (8)  as  given  by  Ackermann 
and  Rauh  (3) . 


Hildbenbrand  and  Murad  (5)  also  obtained  D*  of  ThO  via  an  isomolecular 
exchange  reacvion 

ThO(g)  + Si(g)  -»  Th(g)  + SiO(t) 

and  a rtudy  of  the  Th(s)  + Th02(s)  system.  The  D*  recomirend  by  these  two 
groups  ate  within  experimentai  error.  A value  of  8.78  ± 0.13  eV  is  given 
In  (4)  while  9.0  ± O.l  eV  is  recoasnended  lu  (3).  Even  this  small 
difference  represents  to  some  extent  the  differ "int  ^*'oice  of  thermal 
functions  tor  Tn02(s)  by  these  two  different  laboratories 


20 


I 

proa  a knowledse  of  i?G*  of  Th02(s)  on»  can  obtain  <Th02,c) 

aloce 

logj^QP(11»02,8)  ■“  -35,070/7  + 7,96 
over  Tt>02(s)  aw*  ThC2(s)  “ -292,600  + 43.66  T 
TbOj^S^  “ -132,100  + 7.23  T. 

From  a knowledge  of  .^*for  tills  process  coupled  with  frequencies  of 

<letemined  by  several  workers  (assuming  a value  of  ^2),  and  the 
Tb02  angle  and  bond  distances  one  can  compute  S*  for  Th02  which  can  be 
coaqured  with  values  obtained  experimentally  for  the  Th02(a)  -*  Ht02(g) 
i process . 

Dslng  the  entropy  for  Tb(l, s)  derived  from  the  calorimetric  data 
(12)  by  Rand  (8)  and  the  entropy  of  molecular  oxygen  (13),  one  computes 
and  entropy  for  Th02(g)  of  * 92.8  e.u.,  (since  Z5Cj(Th02,g)  * 

-U2,100  + 7.23  T for  the  temperature  interval  of  2400-2800  K).  A 

I 

! computation  of  the  entropy  of  Tti02  using  either  of  the  recently  observed 

vf.brational  spectra  for  the  stretching  modes  of  Th02  coupled  with  the 

16  18 

molecular  geometry  determined  by  Isotopic  shifts  for  Th  0„  and  Th  O2  (1^*j*3) 
yield  values  of  97.5  eu.  for  V2  = 81  cm  ^ and  96.7  e.u.  for  v.,  = 125  cm 
The  former  value  was  chosen  from  a determination  of  31  cm  ^ for  the  bend- 
ing BK>de  of  U02*  Llrevsky  estimated  125  cm  ^ for  V2  from  a weak 
coari>lnation  band  obsen'ed  In  the  infrared  spectrum.  Repeated  efforts 
by  the  author  have  not  yielded  an  experimental  detetralnation  of  ^2  even 
though  the  spectrtan  could  be  observed  down  to  abou':  60  cm  In  any  event 
this  difference  (4  to  3 eu)  between  the  calculated  entropy  and  the 
thetmodynamlcally  derived  entropy  Is  not  easily  explainable. 
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To  reduce  the  calculated  entropy  by  4 would  require  a change  of 
the  bending  frequency  to  a very  hl^  value,  hence  the  derived  entropy 
probably  is  roc  low  by  at  least  2 entropy  units,  or  more  likely  3 
units . 

A discrepancy  of  about  12  kcal/mole  exists  between  the  determination 
of  the  Th02(s)  using  the  second  and  third  lav  methods.  There  is  no 
apparent  problem  in  any  of  the  experiments  used  to  generate  the  vapor 
pressure,  heat  capacity  of  the  solid  phase,  and  spectroscopic  data  used 
for  these  determinations.  Examination  of  ThOjCs)  after  prolonged 
vaporization  indicated  very  little  departure  from  stolchlooictry . There- 
fore assumptions  of  unit  activity  seem  to  be  justified.  An  investigation 
of  the  ten'perature  variation  in  the  equilibrium  constants  of  the  reactions 

i?rh(g)  + ixhOjCg)  Tho(g) 

and 

Xh02(g)  -»  ThO(s)  + 0(g) 

coupled  with  the  known  thermodynamic  functions  for  Th(g),  ThO(g)  and 
0(g)  might  be  helpful  in  providing  another  path  to  the  determination 
of  (Th02,g)  from  which  could  be  cnmputed. 

The  given  by  Ackermann  and  Rauh  (1,3)  have  been  reduced  to 

using  the  thermodynamic  function  for  (G-H^'j/T  for  the  species 
Th(s,l),  O2  and  Th02(g)- 
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This  cosputa tion  gives 


AHfO  Th02(g)  =■•  -105.4  kcal/mole 
ThO(g)  « “6.15  kcf.l/sole. 

This  enables  an  estinate  of  D*  of  Th02 

D*  » (Th,s)  + D*  (O2)  - (Th02,g)  = 142.7  + 118  + 105.4 

» 366.1  kcal/mole  or  15.9  ev/mole. 


The  I.P.  Th,  I.P.  ThO,  and  I.P.  Th02  have  been  given  as  5.9,  6.1 
and  8.7  eV,  respectively  in  (3).  These  values  which  have  estimated 
uncertainties  of  ±0.2  eV  are  in  agreement  with  the  recent  results 
given  by  reference  4 of  6.0  and  8.0  ± I eV  for  ThO  and  Th02  aod  some 
yet  unpublished  results  on  the  optical  spectra  of  Th  respectively.  (It 
should  of  course  be  noted  that  theciaal  population  of  electronic  states 
aiay  contribute  some  error  to  these  values.)  These  ionization  potentials 
coupled  with  of  ThO  and  13>02  then  can  be  used  to  estimate 
exothennicities  of  reactions  such  as: 


Reaction  eV 

Th  -t-  0-^  ThO'^  + e -2-9 

Th  + 02-»  ThO^"^  + e -2.1 

Th  + Og-^ThO  + 0 -3.9 

Th  + O^-^ThO  + O2  -7-^* 

Th  + 0^— ► TnO  + O2  + e ~1.3 

Th  + 0^ Th02^  + 0 + e -0-5 
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These  quantities  were  calculated  using  the  following  energies: 


Reaction  eV 

Tb.  -►  Th'*'  + e 5-9 

+ 

ThO  + e 6.1 

Th02~*  ThO^"^  + e 8.7 

ThO  -aTh  + 0 9-0 

Th02-»Th  + 20  15.9 

Th(s)  + O2  -aTh02(g)  -5 

Th(s)  + '^0  -0.22 

Og-a  20  5.1 

0^  -a  O2  + 0 1 

Th(s) -..Th(g)  C.2 


The  thermodynamic  functions  of  ThO  and  Th02  are  appended  in  tables  3, 
h,  and  5-  It  should  be  noted  tiiat  all  twelve  known  electronic  states  of 
ThO  have  been  included  in  this  calculation.  The  multiplicity  of  the 

lowest  excited  state  has  been  taken  as  2 in  this  computation.  Wentlnk 

et.  al.  (11)  have  suggested  that  this  state  might  have  a degeneracy 

3 

of  ^ A)  from  a comparison  of  the  levels  of  TiO>  and  IhO.  This 
suggestion  has  apparently  been  accepted  in  reference  3 and  those  thermal 
functions  reflect  this  assignment.  This  has  the  effect  of  increasing 
the  S2gQQ  of  ThO(g)  by  about  1.13  e.u.  Tables  U and  5 give  thermo- 
dynamic functions  for  Th02^  (g)  using  both  vibrational  assignments  for 

* 1 O 

of  81  and  125  cm  and  a * 115*,  r = 1.75  A.  Small  variations  of 
cr  and  r will  not  significantly  effect  the  computed  entropy.  The  choice 
of  Vj  * 125  cm  ^ is  probably  to  be  preferred  at  this  point  since  it 
reduces  the  discrepancy  between  a second  and  third  law  treatment  of  the 


available  data. 
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TABLE  3.  THERMODYNAMIC  FTjHCTIONS  FOR  ThO(g) 


T 

rp 

H-ne 

5 

-(G-H01/T 

K 

CrL/K  POL 

C4L/»f^, 

r6L'H  MOL 

CAL^K  POL 

7. /7P95 

?im  -99 

57*3511 

50.2775 

7.^P7 

21??. ?P 

57*3973 

50*321 3 

7.PA41  3 

Pf9l  77 

59*4039 

52.3'’7 

spn 

«•  1 

349P*3 

41 *3913 

54.0047 

ft.3S?75 

45«6*ep 

42.6942 

55.344? 

P • Sr 1 3P 

5341*04 

44*1955 

54.5346 

flee 

?•«?! 4 

4P*  ;-34 

45.3367 

57.547 

9pe 

803I7S 

7.  >5-02 

44.3605 

58.4663 

^ecp 

8«P445S 

7>/  3.  7C 

47.2663 

59*3225 

Mee 

R.9f A3P 

Pf  >4-24 

46.1349 

40*0254 

9.C99P5 

9757.42 

68.9207 

60.7295 

isee 

9«P4P74 

*0674.4 

49*6546 

61 .4435 

<!  4eo 

9*39  457 

11404*2 

70*3^5 

6^*0549 

isec 

9*55197 

1P552*5 

7il*99R5 

ftp. 4295 

1 f^ef 

9*  71?1 d 

1 351  4*7 

71.4201 

63.1 721 

1 7ce 

9***7e4R 

1 4496* 

72*21 3 / 

43.6846 

isee 

ie*P3i7 

1 5491  .2 

72*7625 

44.1 743 

i9oe 

IP*1F7R 

1 65CP.P 

73-329 

44.4437 

peee 

in.34P^ 

1 7526  *7 

*>3.6555 

45.091? 

IP* 

16572*1 

74.3636 

45.5204 

»eee 

IC*63P?» 

19424-2 

74.6546 

65.9336 

aaee 

IC- 771P 

<96*  4 

75.3305 

6.^*  332 

1P.90“1 

?.  .760*4 

75.7916 

44. 71 44 

5 sen 

1 1 *P3P5 

22677-7 

74.2397 

47.0664 

J>APO 

n *1A43 

23968- 

74.6751 

47.4469 

1 1 *P«0  5 

25110. 8 

77.0986 

47.7965 

£POP 

1 1 * 41  1 3 

26246. 

77. S1 1 5 

46  * 1 3R 

f»9pe 

1 1 * 5PP9 

27393. 

77.91 4 

46*4461 

11*4431 

26551 .4 

76.30  47 

46*7295 

step 

11.754 

29721 .5 

76.4903 

49.1227 

3pee 

11 *841 4 

30922.3 

79-0451 

49*4062 

33ee 

11.9451 

32093.4 

79-4317 

49*7043 

3^P 

l^.eAS 

33P95.2 

79  - 790  3 

49*9976 

ie* 1 6PP 

34526*5 

60*1414 

70*2824 

3^ee 

ifi.espa 

35727.2 

PC  *45  52 

70.561 

37e^j 

1P«339 

34956.7 

60*822 

70.8337 

seee 

12.4P1 

38194.6 

81*1521 

71.1026 

39Ce 

11>.  4961 

39442-6 

81. -757 

71 .3427 

4p^e 

ie. 5499 

40494-2 

81 .793 

71*6194 

^lee 

11>.4343 

41954-5 

82*1041 

71.8713 

11».«973 

43221*2 

82*  409  3 

72.1125 

43PP 

1J>.  75?? 

4449  3*7 

82-7064 

72.3413 

1?.8P?>4 

457  M*5 

83.PG23 

72.5997 

4S?e 

1P*8446 

470  5 4. 

83.2905 

72*834 

IP. 6655 

46340*7 

83.5732 

73*8643 

dUf. 

1P.9167 

49430-9 

63-8584 

73-2906 

4p<re 

12*9444 

5092  4.  2 

8 4-1226 

73*5136 

49i»f 

1P*969! 

52P?r. 

6 4.3899 

73. 7327 

free 

lP*96f 4 

5351  7- t 

8 4.452 

73*9  46  4 

51PP 

12.999 1 

54P1  7. 

64.909? 

7 4.  1 40? 

5PPP 

n.rp49 

541  1 7-3 

6 5.  1 41  4 

74-3476 

sr^rr 

: 3.P irp 

57416.2 

P5*  4T93 

74.5756 

5^P 

1 3.CP9P 

5R719.J 

65.4523 

74.  7764 

F5i'C 

1 3*CO  4'' 

fCP19-F 

F5.«909 

74-9702 

5<^PP 

IP. 9954 

4131-'.  7 

F o. 1 r ^ 

75- 1 751 

Sve? 

i?.7pr7 

4P61P.4 

6^’.?5-6 

75-3491 

SFro 

i':-'9  4 7'» 

►ny 1 4-1 

6 4*t>P^4 

75-  5(04 

S9CP 

1 p , a 4P  3 

4521  1 .6 

016 

75*  7-P9 

f-ope 

1P.9P47 

6(525-4 

/57.P19I 

75*9346 

fithts 

F Ll'MFr 

\ FVFt#i  YFV  F»PF*r.l.PH*rrrr,«ltLTIPLICITY#VPr 


1 

695-77  ^>-n9  2 

.001302  1 -6330OF-. 

7 1 P 

2 

8(4.  1 2-31  0 * 7r»AAl  3 

.00123 

1 .Pr.30or-7 

P 5305 

3 

64(-4  2*4  r -3*^7244 

.ror»94 

7 .F44ror-7 

1 10400.9 

4 

6..P-P  2-1**  0 •3''4973 

,rr»'*99 

1 -9  4P00F-7 

2 11129,1 

5 

F35*  1 2-3V  r • 32245!:. 

. or*  1 '♦r 

1-91100*^-7 

P 1 4490* 

4 

629-  '’.5  r . 3^155 

0213  1 • 

PSri'OF-?  2 

J 59/.4.'» 

V 

6<>9  , f»  ^ T p , ..‘9 

-or  1 303 

1 - 7900*'r-7 

1 1^320.4 

6 

61  4.  *>  '^.04  0 . 31^  1 7P 

- 00 1 P 4 

1 *9340pr-7 

P 1 7999 

9 

P 1 ^ . P P*Of,  p - 32 ' 30"^ 

-oriP4 

1 .79319s  - V 

1 l?337.f 

10 

600. F5  1.47  0 .:r94 

- no ! ^»  4 

2*  40000E'7 

2 19539.1 

1 I 

650. 1.47  0 -3P5J4 

•02124 

2.P59n6F-7 

? 21 7, ‘4- 

1 2 

795.5  1.47  r .310 

00124  2 

.OrOOOF-7  2 

?2435. 7 
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TABLE  4 . THERMODYNAMIC  FUNCTIONS  FOR  ThOg  (g) 


'f 


s 


i 

t 

( 


T 

( 0-HB7/T 

CH-M07/V 

S 

CP 

298.1 5 

-59.1  561 

9.9S4S 

69.1 126 

11-3457 

.188 

-59. .2197 

V. 9631 3 

69.1820 

1 1.3625 

488 

-62.  1 4B7 

10.  41  44 

72.563 

12.1255 

588 

-64.5163 

10.0108 

75.3271 

12. 6309 

M»P 

-66.  51  77 

1 1 .1436 

77.661 3 

12.962 

738 

-60.2569 

11.4203 

79.6772 

13.1P47 

6V0 

-69. 7974 

1 1 .651 1 

81 . 4485 

1 3.3396 

988 

-71 . 1813 

1 1 .6452 

83.8265 

1 3. 4589 

IP88 

- 72.  438  ■ 

12.0101 

8 4.  44P  1 

1 5331 

1188 

- 73.  5F95 

12.1515 

85.741 

'1  3.  59  54 

IPPO 

-74. 6522 

12.2739 

8 6.9261 

1 3. 6437 

1 7cr 

-75.  639 

1 2.  5806. 

88.0198 

13-6817 

1 4C8 

- 76.  56 

12.4748 

P9.034P 

13.7123 

1588 

-77. 4236 

12.5582 

89.9818 

1 3. 7371 

1 erp 

-78.2365 

12.6325 

90.869 

1 3. 7576 

1 7ro 

-79.0844 

12.6992 

91.7036 

1 3.  7747 

1888 

- 79. 732 

12. 7594 

92.491 4 

1 3.  7F9I 

1988 

-68. 4233 

12.6139 

93-2372 

1 3.8013 

8888 

-81 .OF i9 

12.8636 

93.9454 

13.81 18 

?ier 

-61.7186 

12.9089 

94.  6195 

1 3.820F 

2288 

-82..ilPl 

12.9506 

95.2626 

1 3.8287 

2388 

-62.8666 

12.9889 

95-8775 

1 3.8355 

2488 

-83. 4422 

13.0243 

96.4665 

1 3.841 6 

2588 

-63.9745 

I3.PS7I 

97.031 6 

1 3-8469 

2A88 

-F4.40V2 

13.0876 

97.5748 

1 3.851 7 

2788 

-84.9617 

13.116 

98.0977 

1 3.  P.659 

PFPP 

-85- 4592 

13.1  424 

98 . 601  6 

1 3.P597 

2988 

-85.9288 

13.1672 

99.08P 

1 3.P631 

3888 

-86.3676 

13.1905 

99.55P1 

1 3.8662 

3188 

-86.F00S 

13-2123 

100. .’1  3 

1 3.F69 

3288 

-87.2203 

13.2329 

100.453 

1 3.P71  5 

3388 

'«7.6S78 

13.2523 

100.88 

1 3.8738 

3480 

-88.0237 

13.2706 

1 0 1 . 29  4 

1 3.8759 

3588 

-88. 4866 

13.2879 

101  *697 

1 3. 8778 

3600 

-88.7832 

13.3043 

102-087 

1 3.8796 

3780 

-89.1 479 

13.3199 

102.468 

13.8812 

3808 

-09. 5033 

13.3347 

102.838 

1 3.8827 

3988 

-89.0499 

13.3488 

103.199 

13.884] 

4308 

-90.188 

13.3622 

103.55 

1 3.PP54 

4188 

-98.5161 

13.3749 

123.093 

1 3.8866 

4280 

-90.8486 

13.3871 

104.228 

1 3.8F77 

43C8 

-91 . 1 557 

1 3. 39P8 

104. 554 

1 3.8888 

4488 

-91 . 4639 

13.4099 

104.874 

1 3.BP97 

4580 

-91 .7653 

13.4206 

105. 1P6 

1 3.8906 

43,08 

-92.8624 

13.  4300 

1 0 5 . 49 1 

1 3.891 ' 

4708 

-92. 3494 

1 3.  4486 

185.  79 

1 3.F923 

4688 

-9T . 4324 

1 3.  4581 

186. 0P2 

1 5.893 

4900 

-92.9099 

13.4591 

106. 369 

1 3.8937 

5888 

-93. 1819 

13.4,',7« 

106.65 

1 3.8944 

5180 

-93.  44P  6 

13.4762 

186.925 

13.895 

5208 

-93.  7184 

1 3 . 4F  42 

107. 195 

1 3.8956 

5388 

-9,3.96  73 

i 3.  492 

187.  459 

1 3.8961 

5488 

-94.2196 

1 3.  499  5 

187.719 

1 3.8966 

5508 

-94. 4674 

15.5867 

107.974 

13.8971 

5680 

-94. 71C”: 

13.5137 

IPP .224 

1 3.F976 

5780 

-94.95 

1 3.520  4 

108. 47 

1 3.898 

5FP8 

-95. 1852 

13.5269 

IPP  . 712 

1 3.89P5 

5908 

-95.  41  65 

1 3-5332 

108.95 

1 3.89«9 

6880 

-9' . 644 

13.5393 

109. 183 

13.8992 

FPFO  7P7.P  KttT  > 

FRFO  775.  5 Kl)LT  1 
FFrC  Pi  r-'l.T  ! 

MOLrCl'Lr^  1 Flf.HI  Rf.4.P77 
SYF.P'FTrY  ? 

MOMFNTS  F.9.7PP  9^.571 

FNn  0^  PUN 
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TABLE  5.  THERMODYNAMIC  FUNCTIONS  FOR  ThO«(g) 

A 


T 

CG-Hn)/T 

5 

ro 

M«.I5 

-5A*am95 

0»77®1® 

6A.P677 

1 1 «3||6 

3(10 

•5«*55 

9.7«7A9 

6B.3777 

1 1 .39pq 

000 

-61  •a:«4i| 

IA.P765 

71.7195 

|P.H*6a 

500 

-63.773® 

1 A*6973 

7*.A7I  t 

|9.6] A6 

600 

-65.7561 

1 1 «A/i7A 

76.a'17a 

19.0S06 

700 

-67.API5 

t 1 

7®.“l AP 

|9. 1 7BA 

000 

-69. *1 15 

II *5773 

1 0 .39pD 

900 

-?9.3®7I 

I 1 •77<»1 

AP.1 AAP 

1 3.AA7V 

1000 

-7! -637P 

1 1 -OS'*! 

a3.c;o7^ 

1 0 .5- 

t 100 

*70,70^0 

|P.'»96Q 

1 3.^ooq 

1 000 

®6.'^65 

13.6915 

!300 

IP.33AP 

«7.I5«5 

|7.#700 

1000 

•75.7AP 

BB.1735 

I3.71B7 

1500 

-76.60P6 

1 P.51  76 

AQ, ) 9A^ 

1 3 .735® 

1600 

-77.AI3 

|P*594/i 

9«.«77A 

1 3,766A 

1700 

-7«.1?R6 

|p06633 

9P.AAP 

13,7736 

1000 

-7®.9<r«A9 

IP*7«>SA 

91 .6PA7 

1 7.7®R| 

1900 

-79.59v7® 

IP.7B|7 

9P#'»7S5 

1 3 • oAn^ 

0000 

-«O.P5^7 

|P*B3P9 

93. (>036 

13.91  1 

0100 

-R0.A7® 

IP.A707 

93.7577 

13.  P9A  J 

0000 

-5! .A7«p 

IP.qpPf 

9/f./?'»  ^ 

1 3 • A9A 

0300 

IP.06PI 

95. A J ^6 

1 9. 

0000 

-9P.6P59 

IP.qQCMP 

95.6PA6 

1 3 • 9 ) 

0500 

•«3- 1 777 

96. 1 07 

1 ) .APP/i 

0600 

-a;«,6/'9 

1 ^ A 

)6.7  JPO 

t 3.AR|P 

0700 

-AA  • 1 i>9f 

1 

9?.P3^7 

1 3.B^fi; 

0000 

*AA,6]9'« 

1 3 • 1 P**£ 

97.700? 

y 3.A«03 

0900 

-55.P®'"! 

13.1659 

OA,OP^ I 

1 3 .“^07 

3003 

-«5.5P6P 

I3.I60Q 

9®.^96| 

1 3 .P660 

3100 

-«5.95«/i 

I3.I9P/! 

1 3 « C.A 

30!*0 

-®f .37/^ 

1 3. PI  3*- 

oo, ^ n 1 1 

1 9, 07  1 

3300 

-«f  .'/e/rS 

1 3.P33^ 

) O'.  ^ 1 0 

17.077^ 

300" 

-<»7  • 1 
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